Results: Prefrontal cortical complexity was not significantly different among the groups. However, the schizophrenia patients differed significantly from the normal comparison subjects in asymmetry, with the schizophrenia patients showing less left-greater-than-right asymmetry in cortical complexity than the comparison subjects.
Conclusions: An abnormal pattern of asymmetry in the prefrontal cortex of first-episode patients with schizophrenia provides evidence for a neurodevelopmental mechanism in the etiology of schizophrenia.
(Am J Psychiatry 2005; 162:65-70)
Evi dence suggests prefrontal cortical abnormalities in schizophrenia. More specifically, findings from postmortem examinations (1, 2) and structural (for reviews, see references [3] [4] [5] and functional (for review, see reference 6) neuroimaging studies suggest the presence of subtle structural abnormalities. Most magnetic resonance imaging (MRI) studies have focused on volume, with some studies showing lower prefrontal volume (7) (8) (9) and others showing no difference between schizophrenia patients and comparison subjects (10) . Additional cortical abnormalities include greater sulcal width (11) and gyral pattern abnormalities (12) .
The cortical surface area (i.e., the number of voxels along the boundary between the gray matter and CSF) is influenced by cortical folding. It is therefore an estimate of cortical surface complexity, rather than just volume, that may provide an alternative approach for quantifying cortical abnormalities in schizophrenia. Cortical complexity has previously also been estimated by using the gyrification index, which is the ratio of the length of the inner surface of the brain to the length of the outer surface. The gyrification index is considered a quantitative assessment of gyrification (13) and provides a measure of overall cortical folding. A postmortem study of the gyrification index in schizophrenia showed right-sided hypergyria in the prefrontal region in male patients (14) , a finding that was subsequently replicated in vivo with MRI (15) . In contrast, an MRI study of male schizophrenic patients showed lower than normal gyrification in the whole left hemisphere (16) .
In an independent MRI study of cortical complexity, defined as the frequency of sulcal-gyral convolutions in all three planes in each subregion of the cortical surface model, Narr and colleagues found abnormal asymmetry of gyral complexity in schizophrenia (17) .
The purpose of this study was to test the hypothesis that abnormalities of cortical complexity, estimated as the number of voxels along the boundary between gray matter and CSF in the prefrontal cortex, are present in the prefrontal cortex in first-episode schizophrenia. Our measure of complexity, which also provides a rough estimate of surface area, may provide information in support of disturbances in development in schizophrenia.
Method

Subjects
The study consisted of 17 first-episode patients with schizophrenia and 17 first-episode patients with affective psychosis, including 13 with bipolar (manic) disorder and four with major depressive disorder. The patients were diagnosed according to DSM-IV criteria by using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID) (18) . Seventeen psychiatrically well comparison subjects were recruited through newspaper advertisements, and the nonpatient (19) and personality disorders (20) versions of the SCID were administered to rule out psychopathology. Each subject group included two women. The subjects http://ajp.psychiatryonline.org were matched on age and parental socioeconomic status, and they met the following criteria: age 18-29 years, IQ above 75, righthandedness, negative history of seizures, negative history of head trauma with loss of consciousness or neurological disorder, and no lifetime history of alcohol or other drug dependence. The date of the first psychiatric hospitalization was used as a reliable marker of the time of psychosis onset. Further details of the subjects are documented elsewhere, as the subjects were part of a previous study evaluating prefrontal volume (7) and a study evaluating prefrontal cortical thickness (21) . After a complete description of the study, written informed consent was obtained from each subject. The subjects were paid for participating.
MRI Methods
A 1.5-T General Electric scanner (General Electric Medical Systems, Milwaukee) was used to perform two MRI protocols. The first was a coronal series of contiguous spoiled gradient (SPGR) images, reformatted in the coronal plane and analyzed as 124 coronal 1.5-mm-thick slices. The second was an axial series of contiguous double-echo images (proton density and T 2 -weighted) to evaluate whole brain volume; details have been published previously (22) .
An iterative expectation-maximization algorithm was used that estimated image intensity inhomogeneities, applied intensity corrections based on these estimates, and then classified tissue on the basis of the same set of signal intensity parameters for all subjects (23) . To reduce noise before scan processing, an anisotropic diffusion filter (kappa=14 for SPGR and kappa=90 for proton/T 2 images, iterations=3) was applied (24, 25) . Finally, the results of the segmentation were superimposed on the coronal SPGR image and edited on computer workstations by using locally developed software algorithms to assign left and right prefrontal gray and white matter to separate tissue classes.
Prefrontal Segmentation
The prefrontal gray matter segmentations were manually edited in a previous study (7) by a single rater (Y.H.) blind to diagnostic groups, and they were edited further to define more fully cortical sulci before the measurement of cortical complexity. Briefly, prefrontal gray matter, measured anteriorly from the first slice containing brain tissue, extended posteriorly to the slice that was three slices anterior to the most anterior slice containing the temporal stem (the white matter tract connecting the temporal and frontal lobes).
Measurement of Prefrontal Cortical Complexity
An algorithm that measures the area of the boundary between prefrontal cortical gray matter and CSF in voxels (i.e., 0.9375× 0.9375×1.5 mm 3 ) was applied to the edited segmentations (25) (26) (27) (28) . The gray matter/CSF voxel count refers to the number of voxels on the outer boundary of the prefrontal cortex, or the interface between cortical gray matter and CSF, and is an estimate of cortical surface complexity as well as cortical surface area (Figure 1 ).
Statistics
Previous evaluation of demographic and clinical measures (7) showed no difference among groups in age, parental socioeconomic status, three subscales of the Wechsler Adult Intelligence Scale-Revised, or clinical measures (for the two patient groups) including the Mini-Mental State Examination score, Global Assessment Scale score, total Brief Psychiatric Rating Scale score, age at first medication, medication dose (in chlorpromazine equivalents), and duration of illness. The first-episode patients with schizophrenia showed significantly lower socioeconomic status than the comparison subjects (F=6.97, df=2, 48, p=0.002).
A mixed model repeated-measures analysis of variance (ANOVA), with group (schizophrenia, affective psychosis, comparison) as the between-subjects factor and hemisphere (left, right) as the within-subjects factor, was used to test for differences in prefrontal cortical complexity between groups. Follow-up analyses included one-way ANOVA and post hoc Tukey's honestly significant difference tests for complexity with the left and right hemispheres compared separately. In addition, asymmetry coefficients for the complexity measurements were obtained by using the formula (R-L)/0.5(R+L), where R and L were the complexity measurements in the right and left hemispheres, respectively. Correlations between prefrontal cortical complexity and demographic data were performed separately for each group. For both patient groups, exploratory correlations were also performed between prefrontal cortical complexity and clinical symptom measures. We also performed statistical analyses on our complexity measurements with correction for head size. Relative complexity was calculated by using the formula (ROI complexity/X)×100, where ROI was the region of interest and X was the volume of the intracranial contents or prefrontal gray matter.
Results
There was no main effect for group for prefrontal cortical complexity (F=0.81, df=2, 48, p=0.45), although complexity was greater in the left hemisphere for all groups (F=11.21, df=1, 48, p=0.002). Of particular note, the groupby-hemisphere interaction was also significant (F=3.30, df=2, 48, p=0.05), driven by less asymmetry in the patients with schizophrenia. More specifically, mean surface complexity, in voxels, was 12,206 (SD=1,260) on the right and 12,233 (SD=1,173) on the left in the schizophrenic patients, 12,565 (SD=1,495) on the right and 12,857 (SD=1,414) on the left in the affective psychosis patients, and 11,913 (SD=1,210) on the right and 12,517 (SD=1,476) on the left in the comparison subjects ( Figure 2) . The results of oneway ANOVAs for prefrontal left and right hemisphere cortical complexity were also not significant (left: F=0.90, df=2, 48, p=0.42; right: F=1.03, df=2, 48, p=0.37).
In order to understand further our group-by-hemisphere interaction, we additionally analyzed asymmetry coefficients for all groups (Figure 2 ). One-way ANOVA revealed a significant difference among the three groups in the asymmetry coefficient for prefrontal cortical complexity (F=3.24, df=2, 48, p=0.05). Post hoc analysis revealed that the first-episode patients with schizophrenia had a significantly smaller asymmetry coefficient for prefrontal cortical complexity than the normal comparison subjects (p=0.04, Tukey's honestly significant difference test), indicating that the schizophrenia subjects had less leftgreater-than-right hemispheric asymmetry in prefrontal cortical complexity than the comparison subjects. This difference indicates that the difference in complexity between the left and right cortical surfaces is smaller in patients with schizophrenia than in normal comparison subjects. We did not find a significant difference in asymmetry coefficients between the patients with affective psychosis and either the comparison subjects or the schizophrenic patients ( Figure 2 ). No significant correlations were found between cortical complexity and demographic and clinical measures for any group.
Discussion
In this study, we found a group-by-hemisphere interaction for prefrontal cortical complexity. In order to understand this interaction further, we analyzed the asymmetry coefficients for all groups. We found that the asymmetry coefficients for surface complexity significantly differed among the groups; the comparison subjects showed the normal pattern of left-greater-than-right asymmetry, and the first-episode patients with schizophrenia lacked such normal asymmetry. Our finding of less hemispheric asymmetry in prefrontal cortical complexity in first-episode schizophrenia is consistent with a growing body of literature that suggests that a lack of normal brain asymmetry, in terms of structure as well as function, may be part of the neuropathology of schizophrenia. Our results, however, do not resolve the issue of whether our asymmetry findings are specific to first-episode schizophrenia, as we did not show significant differences in cortical complexity between first-episode patients with affective psychosis and either first-episode patients with schizophrenia or normal comparison subjects. More research, with larger study groups, will be useful in clarifying this issue further.
Previous studies have indicated diminished or absent cerebral asymmetry in schizophrenia. The abnormalities in hemispheric asymmetry in schizophrenia include 1) a lack of normal asymmetry in prefrontal and occipitoparietal volumes (29) ; 2) less than normal asymmetry in the temporal lobes (30) , the planum temporale cortex (31) , the lateral (sylvian) fissure (32, 33) , and the frontal and occipital lobes (34, 35) ; and 3) a reversal of normal asymmetry in the volumes of the occipital (36, 37) and frontal (36) lobes, posterior superior temporal gyrus (38) , and inferior parietal lobule (39) and in planum temporal surface area (40, 41) .
Moreover, in addition to findings of abnormal gyrification complexity in schizophrenia (14) (15) (16) , there have also been reports of abnormal temporal lobe sulcal-gyral patterns in schizophrenia (12) . Using cortical complexity measures, Narr and colleagues (17) found a disturbance in the patterns of gyral asymmetries in the frontal regions in schizophrenia. It is important to note, however, that other studies have failed to find evidence of abnormal asymmetry in schizophrenia (42, 43) .
Cortical asymmetries become apparent during fetal development (44) . Therefore, the absence or reversal of normal hemispheric asymmetries in schizophrenia suggests a disruption of normal neuronal development that results in abnormal cerebral lateralization. Our finding of less hemispheric asymmetry of prefrontal cortical complexity is consistent with this hypothesis of abnormal neurodevelopment in schizophrenia. 
FIGURE 2. Surface Complexity of the Prefrontal Cortex in the Left and Right Hemispheres and Asymmetry of Cortical Surface Complexity in First-Episode Patients With Schizophrenia, First-Episode Patients With Affective Psychosis, and Normal Comparison Subjects
a Surface complexity was calculated by summing the number of voxels along the boundary between the gray matter and CSF in the prefrontal cortex (i.e., the total number of green voxels shown in Figure 1 ). b A larger asymmetry coefficient corresponds to greater asymmetry, and a negative asymmetry coefficient indicates greater complexity in the left hemisphere than in the right hemisphere. 
